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Abstract 
To select optimal CO2-tolerant microalgal species for simultaneous  renewable biodiesel production and 
reduction of greenhouse-gas emission, this study proposed first-attempt toxicological assessment to 
screen CO2-utilizing microalgal isolates from natural water bodies present in highly biodiverse eastern 
Taiwan.  With specified culture media (e.g., BG-11 medium) at different temperatures and CO2
concentrations, the ranking of growth characteristics (μ; d-1) of microalgal isolates was determined (e.g., 
Chlorella sp. NIUs08 (0.233 d-1) > Scenedesmus sp. NIUs06 (0.17 d-1) > Chlorella sp. NIUs07 (0.0914 d-
1) > strain NIUs05 (0.085 d-1) > Chlorella sp. NIUs09 (0.038 d-1)).  In terms of toxicology, this study 
provided novel dose-response assessment upon microalgal growth in response to CO2-inhibitory potency, 
suggesting promising isolates for cost-effective applications of CO2 reduction.  Although CO2 could be 
utilized as sole carbon source for microalgal growth, algal tolerance to CO2 inevitably controls the 
performance of growth-associated production. Thus, this first-attempt novel assessment quantitatively 
revealed the most promising CO2-utilizing microalgae obtained from estuarine water, in particular for 
renewable-bioenergy applications to high level CO2 emission industry. 
Keywords: Indigenous microalgae, Dose-response assessment, CO2 reduction, Toxicological evaluation 
1. INTRODUCTION   
    As an energy-famished country- Taiwan, renewable energy is always being considered as a promising 
alternative to help reduce the reliance on fossil fuels.  In fact, due to Taiwan’s highly abundant and 
diverse bioresources significant attentions of biomass-based energy (BBE) have been paid nowadays as 
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one of priority resources for renewable energy applications, in particular after the unfolding crisis with 
Japan’s devastating earthquake, tsunami and Fukushima Daiichi crippled unclear reactor meltdown in 
March, 2011.  Therefore, seeking eco-friendly and renewable energy for global needs apparently becomes 
top-priority issue worldwide for sustainable development.  In fact, the approach of simultaneous energy 
supply and CO2 reduction becomes the appropriate strategy to face problems of today’s gradually-
depleted energy sources over the globe.  In particular, as carbon dioxide (one of greenhouse gases) 
emissions directly respond to global warming, humans have now recognized inevitable urgency to reduce 
CO2 released to the atmosphere for sustainable Earth. To provide a feasible strategy for solutions, several 
environmentally-friendly attempts have been made nowadays; for example, biological CO2 fixation is one 
of alternatives to remove CO2 via micro-algal photosynthesis. 
    Over decades, global petroleum resource tends to be gradually exhausted and atmospheric greenhouse 
gases become progressively accumulated.  Seeking promising strategy to explore renewable energy for 
reduction of greenhouse gas emissions has become top-one task to solve associated problems for global 
warming.  As a matter of fact, microalgal cultivation using solar energy not only could reduce CO2
emission, but also produce algal oil for biomass-based energy applications.  Compared with other green 
plants, microalgae own higher CO2 fixation efficiency and outstanding cell growth characteristics for 
such applications.  As solar-based photosynthesis is utilized to direct microalgal growth, the atmospheric 
carbon dioxide can be converted to renewable products (e.g., biodiesel) for cradle-to-cradle uses. 
Meanwhile, algal oil and other high-value docosahexaenoic acid (C22: 6n-3) DHA algal oil, 
astaxanthin[1] and lutein[2] may be produced simultaneously. 
    Literature [3] indicated that domestic and agricultural wastewater bearing high concentrations of 
inorganic nitrogen and phosphorus (nutrients) could lead to eutrophication of water bodies if discharged 
without treatment. In fact, solar energy-utilized photosynthetic species (e.g., microalgae/cyanobacteria) 
can make use of CO2 and nutrient-rich waters for propagation, triggering formation of several useful 
products as fuels and feedstocks[4]. Thus, microalgal growth is top-priority alternative for simultaneous 
solar energy utilization, biomass-based oil production and CO2 reduction regarding cradle-to-cradle 
development.  
     This first-attempt study quantitatively proposed determination of growth characteristics of microalgal 
isolates from Taiwan’s highly biodiverse natural water bodies.  Meanwhile, microalgal CO2-tolerant 
capabilities (e.g., resistance to inhibitory CO2) can be determined via this novel dose-response assessment 
adopted from environmental toxicology[5].  In the exponential growth phase, microalgal cells have 
adapted to their new environment and to multiply in a maximum rate as they can.  Thus, the growth rate 
can be used as an equilibrium outcome of metabolic status in cells in response to chronic toxicity potency 
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of existing CO2.  Here, the measure of chronic response (i.e., (μ0-μ)/μ0) is defined as a decrease of 
maximum specific growth rate (i.e., μ0-μ) in the presence of CO2 supplementation divided by maximum 
specific growth rate in the absence of CO2 supplementation, where subscript 0 indicates the culture in the 
absence of extemal CO2 supply.  As CO2 concentration increased over the threshold (EC0) at which 
inhibitory effects begin to exert cells, the seriousness of those effects (μ0-μ)/μ0 also increased. That is why 
such “chronic toxicity” measures could be applicable for practical use. In addition, this work also tended 
to reveal that “sufficient challenge” phenomena taken place in microalgal growth to control gene 
expression of microalgal functioning capabilities directly related to cell growth.  With this evaluation 
strategy for screening upon isolates, the most promising microalgal isolate(s) could be non-biased 
concluded for practical applications. 
Table 1. Comparative list of media for different microalgal strains 
Medium Microalgae 
f/2[10, 20, 21] Chlorella sp., Monoraphidium braunii, Monoraphidium sp. 
Walne[10,11] Chlorella sp., Scenedesmus sp. 
BG-11 
[6, 11,15,17,20,24,25]
Anabaena sphaerica, Chlorella sp., Scenedesmus sp., Chlorella vulgaris, 
Monoraphidium sp., Thermosynechococcus elongates, Thermosynechococcus 
sp. 
BBM[9,12,16,19,22,23] Haematococcus pluvialis, Chlorella sp., Scenedesmus sp., Chlorella vulgaris, 
Monoraphidium sp., Spirogyra varians, Spirogyra decimina
BM[7,8,9,10,11,12] Nostoc commune, Phormidium foveolarum, Haematococcus pluvialis, Chlorella
sp., Scenedesmus sp., Scenedesmus obliquus
2. EXPERIMENTAL SECTION 
2.1 Microalgal growth  
The indigenous microalgae predominantly isolated from highly biodiverse natural freshwater and 
seawater body in Eastern Taiwan’s Lanyang Plain and Hualien County.  Indigenous microalgal isolates or 
mixed consortia were cultivated in BG-11 medium containing (unit: mg L-1) MGEDTANa2  100, 
Ferric ammonium citrate 6, CitricacidɄH2O 6.0, CaCl2Ʉ2H2O 3.6, MgSO4Ʉ7H2O 7.5, K2HPO4Ʉ
3H2O4, H3BO3 2.89, MnCl2Ʉ4H2O 1.81, ZnSO4Ʉ7H2O 0.222, CuSO4Ʉ5H2O 0.079, CO(NO3)2Ʉ6H2O 
0.049, NaMoO4Ʉ2H2O 0.391 at pH 7.5.  Prior to culture use, moisture-sterilization at 121ć, 20 min was 
applied for culture media. For enrichment  solid-phase isolation culture, Bacto agar 15% was used.  For 
isolation of microalgae from seawater, distilled fresh water was replaced by high content minerals-
bearing deep sea water (DSW) obtained from 612 m below water surface in Pacific Ocean near Hualien 
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County. The microalgae were regularly grown at 25 °C with a continuous supply of 2% CO2 at an 
aeration rate of 0.2 vvm.  
*
 denoted isolates from seawater. 
Table 2. List of basic characteristics of microalgal isolates obtained from eastern Taiwan 
2.2 Microalgal cultivation 
To trigger/induce out-growth of CO2-utilizing microalgae from seed samples, microalgae were 
cultivated at different temperatures (e.g., 25, 30 and 37ć) under continuous illumination for 7 days. The 
inoculum was prepared by transferring the cells from stock culture, and incubated aseptically in 500 ml 
flask cultures containing 200 ml BG-11 medium with an airflow rate of 0.02 vvm (note: sole carbon 
source provided in BG-11 medium is sodium carbonate) at initial pH of 7.5 . 
     
2.3 Microalgae isolation and purification  
Indigenous microalgal isolates were freshly sampled from highly biodiverse natural freshwater and 
seawater body in eastern Taiwan’s Lanyang Plain and Hualien County.  They were first screened via 
cultures in BG-11 broth medium to guarantee promising growth.  Once microalgae were propagated to 
achieve a sufficient concentration, they were then streaked onto agar plates for serial isolation and 
Strain code Site of sampling To match 
NIUs02 National Center for Traditional Arts, I-Lan Chlorella sp.
NIUs03 Hualien Heping Port (Sewage)* Schizochytrium sp.
NIUs04 East Rift Valley Plain (Ecology park) Chlorella sp. 
NIUs05 Hualien Heping Port (Seawater)* Schizochytrium sp.
NIUs06 Hualien Mountains (Chorng-guang Community) Scenedesmus sp.
NIUs07 Hualien Mountains Shapodang Recreation Area Chlorella sp.
NIUs08 East Rift Valley Plain (Promise Land) Chlorella sp. 
NIUs09 East Rift Valley Plain (Ecology park) Scenedesmus sp.
NIUs10 Hualien Liyutan Chlorella sp.
NIUs11 Hualien Heping Port (Seawater)* Schizochytrium sp. 
NIUs12 Hualien Heping Port (Sewage)* Schizochytrium sp.
NIUh1 Hualien Rueisuei Hot Spring Thermosynechococcus sp.
NIUh2 Hualien Rueisuei Hot Spring Thermosynechococcus sp.
NIUh3 Hualien Rueisuei Hot Spring Thermosynechococcus sp.
 Bor-Yann Chen et al. /  Energy Procedia  61 ( 2014 )  1047 – 1057 1051
purification.  After conducting at least three-time streak isolation technique to ensure purity of isolates, 
microalgal isolates were chosen for species identification. 
     
2.4 Microalgal growth and dose-response analysis 
Regarding microalgal growth, the microalgal cell concentrations were determined by optical 
densities at 680 nm (OD680) using UV-Vis spectrophotometer (Model DR/2010, Hach, USA).  The 
specific growth rate, SGR (ȝ) can be determined via least-squared regression upon data in exponential 
growth phase through the equation: 
μ=
dt
dX
X
1
,
where X and t denoted cell concentration (ODU at 680nm) and time (d), respectively.  
    For comparative assessment upon microalgal isolates at different temperatures, the isolate with 
maximum specific growth rate (defined as μS) was chosen as reference for comparison.  Regarding 
biotoxicity assessment (i.e., dose-response analysis) for inhibitory potency of CO2, the specific growth 
rates in the presence and absence of CO2-enriched air sparging were defined as μ and μ0, respectively.  
The QC value for x-axis simply denoted CO2 flow rate through the system (mL/min).    
2.5 Total lipid content 
The lipid content and composition were determined as fatty acid methyl esters (FAMEs) through the 
direct transesterification method [26]. The biomass of microalgae was harvested by centrifugation (14000 
rpm), and then washed twice with deionized water to remove the salt in the medium. The collected 
biomass was dried by lyophilization. A fixed amount (0.04 g) of the lyophilized cells were mixed with 8 
ml of 0.5 N KOH in ethanol and disrupted by bead-beater (MM200, Retsch, Germany) [27] for 25 min. 
The mixture was heated to 100 °C for 15 min for saponification and then cooled to room temperature. For 
esterification, 8 ml of 0.7 N HCl in methanol and 14% (v/v) BF3 /CH3OH (Sigma–Aldrich, USA) were 
added to the mixture and heated to 100 °C for 15 min. After cooling to room temperature, 2 ml of 
saturated NaCl solution was added for preventing emulsification. The FAMEs formed due to 
transesterification were extracted by n-hexane.  
    The formula is as followsǺ
content(%)lipid Total%100
(DCW) weight celldry  algalTotal
 weightlipid Total
=×
2.6 FAME analysis 
The composition of fatty acid methyl esters (FAME) after direct transesterification was analyzed 
using a gas chromatograph (8610C, SRI, USA) equipped with a flame ionization detector (FID). Samples 
were injected into a 100 m-long capillary column (SP™-2560, Supelco, Bellefonte, PA, USA) with an 
internal diameter of 0.25 mm. Nitrogen was used as the carrier gas with a flow rate of 0.5 mL min-1. The 
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temperature of the injector and detector were set at 190 and 250 °C. The oven temperature was initially 
set at 190 °C, and increased from 190 to 220 °C at an increasing rate of 0.7 °C/min, and finally held at 
220 °C for 20 min.  Lipid content was determined in terms of standard fatty acid methyl ester as shown in 
the following formula: 
100%
areapeak  all of sum The
estersmethylacidfatty  of areaPeak 
                                                                  
(%)content lipid  totalof estersmethylacidatty F
×
=
3. RESULTS AND DISCUSSION
3.1 Microalgal growth characteristics 
   As known, microalgal culture is inoculums size-dependent, it required a threshold population to trigger 
growth to be taken place.  As shown in Fig. 1, once cells adapted to the environment, cell culture would 
be grown exponentially.  However, as some isolates (e.g., Chlorella sp. NIUs02, Schizochytrium sp. 
NIUs03, Schizochytrium sp. NIUs05, Chlorella sp. NIUs08, Scenedesmus sp. NIUs09, Schizochytrium sp. 
NIUs11 and Schizochytrium sp. NIUs12) might be originated from site environment very different from 
culture medium, they inevitably required longer period of time for acclimatization [28].  For example, due 
to highly industrial development over decades it has become evident that worldwide precipitation has 
become increasingly acidic.  The impacts of acidic deposition to aquatic ecosystems apparently alter 
diversity of biological characteristics of interactions among organisms.  The microalgae were likely 
isolated from open-system water bodies with fluctuated conditions (e.g., significant changes in 
temperature and buffering-conditions), they required longer period of time to switch off metabolic burden 
for stable growth in culture medium. As Fig. 1 also indicated that, Scenedesmus sp. NIUs06 seemed to be 
in the most promising growth characteristics at 25ć.  This is consistent with the findings of La et al.[29].  
However, NIUs06 was sensitive to changes in temperature, it could not survive at 37ć for further 
propagation.  Regarding CO2 tolerance, apparently the optimal growth for microalgae was ca. at 5%.  In 
fact, Yue and Chen[30] also mentioned that microalgal growth would be terminated at 70% CO2.  
Increases in supplemented CO2 would gradually attenuate growth capabilities due to inhibitory effects of 
CO2.  Thus, we introduce herein the term  as the reporter indicator RI (ȝ and ȝs denoted specific 
growth rate of isolate and the isolate with maximal growth rate at specific temperature (e.g., 25, 30, 37ć
)) for comparative analysis.  RI >1 simply presents that cell lysis is taking place due to negative growth 
rate.  Less value of RI simply implies more significant growth of characteristics the isolate.  For example, 
if RI > 0.6, evidently the isolate is not favorable to be grown at this temperature. If RI=  0, that 
suggests growth performance of the isolate nearly identical with the isolate for comparison. 
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Fig . 1 Comparison on “chronic toxicity” of growth of microalgal isolates at different temperatures (i.e., 
25, 30, 37ć), where ȝs denoted the maximum specific growth rate of isolate NIUs08 as reference.  
Dashed line simply indicated the limit line at which cell growth is terminated. 
3.2 Carbon dioxide toxicity inspection 
    Although CO2 can be utilized for microalgal growth, it still can inhibit microalgal activity if 
the concentration is above some threshold level.  In fact, toxicologists[31] even recognize that such a 
phenomenon may reveal less practical significance, it still significantly affects microalgal functioning.  
Figure 3 represents how the concept of “sufficient challenge” (reverse effect) changes the shape of the 
dose-response curve.  In this study, microalgal isolates receiving slightly higher doses showed growth 
performance better than normal health condition (i.e., QC ranged 0 ~ 25 mL min-1 as the range of 
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sufficient challenge or reverse effect).  As QC value increased over this range, the curve would pass back 
through normal health and then significant deleterious effects begin to encounter. 
    Regarding this “sufficient challenge” phenomenon, if the QC value continues to be increased, 
microalgae will pass the “therapeutic” range for growth (i.e., μ/μ0>1) into inhibitory range μ/μ0<1, and 
then completely terminate growth activity at μ/μ0=0.  As shown in Fig. 2, Schizochytrium sp. NIUs03 
could resist purged CO2 at QC ~ 36 mL min-1 (μ/μ0=1) until death response occurs at QC ~ 43 mL/min.  
Similarly, growth-promoting ranges of Chlorella sp. NIUs04, Scenedesmus sp. NIUs06, Chlorella sp. 
NIUs08, Schizochytrium sp. NIUs11, Schizochytrium sp. NIUs12 are QC ≅ 26 ~ 30, 55 ~ 71, 25 ~ 32, 30 
~ 36, 36 ~ 49 mL min-1 for μ/μ0 ~0-1.  Thus, according to this analysis, CO2 tolerance limit of indigenous 
microalgal isolate can be ranked in the series as NIUs06 > NIUs12 > NIUs03 > NIUs11 > NIUs04 > 
NIUs08.  As a matter of fact, literature [30] also indicated that at QC= 105 mL min-1 (i.e., 70%), 
Chlorella HA-1 showed the maximum capability for CO2 tolerance.  Thus, this novel assessment could 
quantitatively provide standard operation procedure to explore the most promising isolate to resist high 
CO2-level emission for industrial applications. 
  
Fig. 2 Comparison of “sufficient challenge” ranges of CO2 tolerance for different microalgal isolates.  
Significant growth enhancement took place at points above the line µ/µo = 1.0.  All of the curves passed 
through “sufficient challenge” regions at μ/μ0=1 for normal growth.  Then, cell growth capabilities 
gradually attenuated at QC level over CO2 tolerance limits.
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3.3 Lipid production by microalgae 
Literature[32] indicated that using glycerol (ca. 5~100 g L-1) as carbon source total lipid content can 
achieve 40%ǹhowever, in excess glycerol (e.g., 150 g L-1) microalgal growth was suppressed to be 
slower and biomass would be lower, leading to total lipid content only at ca. 30%.  Using nutrient-rich 
medium BG-11 [33] to isolate fast-growing microalgae (Fig. 1), this study also considered CO2 reduction 
and generation of docosahexaenoic acid (C22: 6n-3) DHA algal oil for sustainable production.  The 
findings revealed only four strains of Schizochytrium genus (NIUs03ǵNIUs05ǵNIUs11ǵNIUs12) 
were capable of DHA algal oil production.  In fact, they were isolated from estuarine water of Heping, 
Hualien County.  As estuaries can form a transition zone between river and maritime environments, 
inflows of both seawater and freshwater provided salts and nutrient-fluctuated conditions in water column 
and sediment, making estuaries as the most stimulating habitats for DHA production compared to others 
(e.g., inland logon, freshwater river).  That is, with strategy of salt tolerance and nutrient-fluctuation (e.g., 
nitrogen starvation), significant production of DHA algal oil can be achieved. 
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Fig. 3 Comparative profiles of total lipid content of microalgal isolates 
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Table 3. Fatty acid composition and DHA content of isolated Schizochytrium spp. 
Strain 
code
Biomass(g L-1) SGR(d-1) Lipid 
content (%)
Fatty acid composition of 
C22:6 (DHA) (%)
s03 4.75 0.43 0.362 34.6 1.56 15.87 1.21 (5.49%) 
s11 6.80 0.49 0.514 29.0 1.37 9.487 0.89 (2.75%) 
s05 5.92 0.85 0.328 30.7 1.89 6.131 0.94 (1.88%) 
s12 7.13 0.92 0.553 27.9 1.46 11.21 1.17 (3.13%) 
4. Conclusion 
This novel study quantitatively disclosed limitations of CO2 tolerance of indigenous microalgal 
isolates.  Dose-response analysis indicated that ranking of maximum CO2 tolerance was NIUs06 > 
NIUs12 > NIUs03 > NIUs11 > NIUs04 > NIUs08.  This assessment could clearly suggest technically-
feasible operation ranges of purged CO2 (e.g., the inflow rate of CO2) for industrial applications (e.g., flue 
gas treatment).  The finding also indicated that salt tolerance and nutrient-fluctuation (e.g., nitrogen 
starvation) is possibly promising strategy to stimulate significant DHA algal oil production. 
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